A high level of sequence polymorphism combined with linkage disequilibrium has created a limited number of highly diverged haplotypes across the human Xp/Yp telomere junction region. To gain insight into the unusual genetic characteristics of this region, we have examined the orthologous sequences in the common chimpanzee (Pan troglodytes), the gorilla (Gorilla gorilla) and the orang-utan (Pongo pygmaeus). Divergence from the human Xp/Yp sequence is higher (average 2.6-fold) than that observed at other loci. The position of the human Xp/Yp telomere is unique, as additional sequences are present at this location in the other three species. These included an array of subterminal satellite in the chimpanzee and, in the gorilla a small interstitial array of telomere-like repeats followed by sequences with strong homology to the human 18p subterminal region. In the orang-utan, two alleles with different structures were identified. These differ by the presence or absence of a short interspersed nuclear element (SINE) sequence just proximal to long arrays of telomere-like repeat sequences that probably represent the proximal end of the orang-utan Xp/Yp telomere. In addition, a high level of sequence divergence between the two orang-utan structures was identified. This divergence is similar to that observed between the human Xp/Yp telomere-adjacent haplotypes. The high sequence divergence and evidence of gross rearrangements indicate that the Xp/Yp telomeric region has evolved faster than the rest of the genome.
INTRODUCTION
In contrast to sequences adjacent to many autosomal telomeres, sequences adjacent to the human Xp/Yp telomere are largely unique in the genome (1) . The terminal 1 kb of DNA immediately adjacent to the Xp/Yp telomere contains a unique monomorphic minisatellite composed of four 64 bp repeat units. In addition, a truncated copy of a short interspersed nuclear element (SINE) is located 14 bp from the start of the Xp/Yp telomere repeat array (1,2; Fig. 1 ). There are an estimated 20 000 copies of this family of SINEs within the human genome (3) .
Previously, we reported the characterisation of human sequence polymorphism in the DNA immediately adjacent to the Xp/Yp telomere (4) . Strong linkage disequilibrium across 18 base substitutional polymorphisms and one insertion/deletion polymorphism were identified in the 850 bp adjacent to the human Xp/Yp telomere, creating three highly diverged haplotypes, termed A, B and C. Furthermore, linkage disequilibrium extends into the proximal end of the Xp/Yp telomere (4) . The intermediate haplotypes generated by sequential mutation and/or recombination of this DNA segment appear to be absent from modern human populations, and so the processes underlying the generation and maintenance of such divergent human haplotypes are unclear. The maximum sequence divergence between existing haplotypes is 1.6% in Caucasians and 2.2% in Africans, similar to the divergence between chimpanzees and humans (4, 5) . This raises two possibilities, firstly that the haplotypes adjacent to the human Xp/Yp telomere are ancient, possibly older than the separation of the Pan and Homo lineages, or secondly that they have undergone rapid evolution.
Some data have indicated that the ends of human chromosomes are dynamic regions of the genome. For example, human subtelomeric repeat sequences are found at many but not all chromosome ends, and the distribution of these repeats is polymorphic between unrelated individuals (1, (6) (7) (8) . Detailed analysis of terminal sequences from human 16p has revealed extraordinary length variation to the start of the telomere, and four different length 16pter alleles have been identified. Intriguingly, some of the 16pter alleles showed more homology to telomereadjacent sequences on other chromosomes than to other 16pter alleles, suggesting that exchanges between terminal sequences of non-homologous chromosomes ends have occurred (9, 10) . In addition, there is some evidence that subterminal sequences have been exchanged between 4q and 10q (11) . The dynamic nature of subtelomeric regions is not confined to humans; for example, the sequence organisation in subtelomeric regions of Saccharomyces cerevisiae varies considerably between closely related species (12, 13) .
Previously, we reported the characterisation of telomere junction fragments from the chimpanzee genome (14) . None of the sequences obtained showed any similarity to human telomere junction sequences. Long arrays of a tandemly repeated 32 bp *To whom correspondence should be addressed. Tel: +44 116 2522270; Fax: +44 116 2523378; Email: njr@leicester.ac.uk Figure 1 . The human Xp/Yp telomere junction region. The DNA adjacent to the telomere (solid arrows) contains a monomorphic telomere-adjacent minisatellite (striped arrows) and a SINE sequence (hatched rectangle). Polymorphisms are identified on the lower line as vertical arrows, solid arrows indicate positions polymorphic in both Caucasians and Africans, unfilled arrows indicated positions polymorphic only in Africans. The polymorphisms exhibit a significant clustering toward the telomere (χ 2 = 9.267, df = 2, P = 0.026 in Caucasians). The sequence is numbered from the first base adjacent to the telomere. PCR primers are identified by solid horizontal arrows.
AT-rich sequence were identified at about half the chimpanzee and nearly all the gorilla chromosome ends. However, this subterminal satellite is absent from the human and orang-utan genomes. These data suggested that telomeres have been 'repositioned' during the evolution of the closely related primates and that sequence organisation at chromosome ends is likely to be species specific. In order to investigate the evolutionary dynamics of a single primate telomere, we have characterised Xp/Yp subterminal sequences in the chimpanzee, gorilla and orang-utan genomes.
RESULTS

Clustering of sequence polymorphism in the terminal 1 kb adjacent to the human Xp/Yp telomere
The sequence analysis of the human Xp/Yp terminal haplotypes (A, B and C) was extended to 2 kb from the start of the telomere repeat array. Six alleles each of the Caucasian haplotypes A and B were sequenced from individuals homozygous for these haplotypes. Three haplotype C alleles were sequenced after allele-specific amplification from individuals heterozygous for haplotypes A and C. One additional polymorphism was identified at position -1018 from the start of the telomere. The polymorphism consisted of a C→A transversion, with A present in all haplotype A alleles and C in all haplotype B and C alleles sequenced. Therefore, based on the sequence analysis of 15 alleles, the -1018 polymorphism is in complete linkage disequilibrium with the Xp/Yp terminal haplotypes. Only one other polymorphism (at -1888) has been identified in the penultimate kilobase of sequence compared with the 13 Caucasian polymorphisms found in the kilobase of DNA immediately adjacent to the Xp/Yp telomere (4). This represents a significant clustering within the terminal 1 kb (P <0.05 χ 2 , Fig. 1 ). The biological significance, if any, of the clustered polymorphisms and the strong linkage disequilibrium adjacent to the telomere is unknown.
Distance from DXYS14 to the telomere
The DXYS14 locus (detected by the probe 29C1) is a hypervariable minisatellite that has been used to define the distal end of the genetic and physical maps of the human Xp/Yp pseudoautosomal region (15, 16) . A distance of 3.6 kb between DXYS14 and the telomere was estimated from sequence analysis and PCR amplifications using a primer distal to DXYS14 (29c1B) with a primer adjacent to the telomere (either TSK8G or TSK8K; Fig. 1 ).
The short arm pseudoautosomal region has been well preserved during primate evolution, and this includes some repetitive sequences, for example, DXYZ2 (17) . As in humans, the chimpanzee DXYS14-like sequences are located at the distal end of Xp and Yp. The chimpanzee locus is polymorphic and displays a pseudoautosomal mode of inheritance (18) . To determine whether the DXYS14-like sequences also exist in the gorilla and the orang-utan, the 29C1 probe was hybridised to PstI-digested genomic DNAs. The presence of these sequences was confirmed as strongly hybridising fragments were identified in each species (Fig. 2) . The orang-utan DXYS14-like locus is probably unique in the genome, and it may be monomorphic or have reduced variability as only a single hybridising fragment was detected in the two orang-utans analysed. Two or more hybridising fragments were detected in humans, chimpanzee and gorillas, suggesting that the DXYS14-like locus is also variable in chimpanzees and gorillas. The distance from the distal end of the DXYS14 repeat array to a position orthologous to the start of the human telomere was determined from sequence data and a combination of PCR amplifications. After removal of length variation due to the presence of minisatellite sequences, the distance is 5.0 kb in chimpanzees and gorillas. In one orang-utan individual, two lengths were measured, 5.0 and 5.3 kb, and these have been designated orL and orU respectively.
The close physical proximity of the DXYS14-like sequences in the chimpanzee, gorilla and orang-utan to sequences homologous to the human Xp/Yp telomere-adjacent sequences indicates that we have compared equivalent sequences in the inter-species comparisons made below. As it has been shown that the DXYS14-like sequence is located at the end of Xp/Yp in the chimpanzee, we can Figure 2 . DXYS14-like sequences are present in the chimpanzee, the gorilla and the orang-utan genomes. A Southern blot of PstI-digested genomic DNA from a human, a chimpanzee, a gorilla and an orang-utan was hybridised to the probe 29c1, which detects the human locus DXYS14. Multiple bands were detected in the human (hu), chimpanzee (ch) and gorilla (go). It is presumed that length variation in the repeat array and the presence of an internal PstI site in some alleles generated the multi-banded patterns. A single strongly hybridising band was detected in the orang-utan DNA. The blot was washed to a stringency of 0.5× SSC/0.1% SDS at 65_C.
be certain that, in this species at least, the sequences analysed are in the same location as in the human genome.
The position of the Xp/Yp telomere in primates is lineage specific
Southern blot analysis of the primate DNAs indicated that the human telomere-adjacent minisatellite was not located on the terminal Sau3AI restriction fragment in chimpanzees, gorillas or orang-utans (data not shown). To investigate the terminal sequence organisation further, a primer (TSK8S) known to anneal to chimpanzee, gorilla and orang-utan DNA was used in PCR reactions in conjunction with a primer for TTAGGG sequences [TAG-TelW, (4)]. Amplification products were detected by hybridisation to a probe for the human telomere-adjacent minisatellite (see Fig. 1 ). A smear of hybridising products was detected in human DNA, indicative of amplification into the Xp/Yp telomere. A similar smear of amplified products was detected in the orang-utan, but the shortest orang-utan product was shorter than that observed in the human DNA (Fig. 3) . No amplification products were detected in the chimpanzee, and in the gorilla only a short array of interstitial telomere-like repeats was detected. These data strongly suggest that the Xp/Yp telomere in chimpanzees, gorillas and orang-utans does not start in the same position as in humans.
The chimpanzee-and gorilla-specific subterminal satellite is located at many chromosome ends in both species (14) . PCR amplifications were carried out to determine whether the additional Xp/Yp sequences in the chimpanzee and gorilla genomes are composed of arrays of subterminal satellite. A Southern blot of products amplified by a subterminal satellite primer (Cht7B) and TSK8S was hybridised to the human telomere-adjacent minisatellite. A smear of hybridising fragments was detected in the chimpanzee, but no hybridising fragments were detected in amplifications of human, gorilla or orang-utan DNA (Fig. 3 ). Clearly the chimpanzee contains an Figure 3 . Detection of chimpanzee, gorilla and orang-utan sequences distal to the minisatellite. A Southern blot of PCR products from human (hu), chimpanzee (ch), gorilla (go) and orang-utan (or) genomic DNAs after amplification with primer TSK8S and a primer that detects TTAGGG repeats (TAG-TelW) or a primer that detects the chimpanzee and gorilla subterminal satellite (Cht7B). The Southern blot was hybridised to a DNA probe for the human telomere-adjacent minisatellite.
array of subterminal satellite in place of the Xp/Yp telomere found in humans.
Analysis of the sequence orthologous to the human Xp/Yp telomere-adjacent DNA
Amplifications of the primate DNAs were carried out using primers designed from the 2 kb of sequence adjacent to the human Xp/Yp telomere and sequences distal to DXYS14 (primer 29C1B). The primer positions are depicted in Figure 1 , and primer sequences not reported before (1) are detailed in Materials and Methods. As a consequence of sequence variation between species, not all the PCR primer combinations resulted in amplification. Products from successful amplifications were sequenced and, where necessary, additional primers designed to fill the gaps. In addition, vectorette PCR (19) was employed in the gorilla to obtain distal sequences that could not be amplified with the available human primers (see Materials and Methods). Distal sequences from the chimpanzee genome were amplified for sequence analysis by excision of 5′ radioactively labelled PCR fragments generated with primers PrimA and Cht7B from denaturing polyacrylamide gels followed by reamplification with the same primers. Using these strategies, contiguous sequences were established from the chimpanzee, gorilla and orang-utan.
Chimpanzee
A total of 2119 bp of contiguous sequence was obtained from the chimpanzee genome (EMBL accession no. Z96949). It contains a 45 bp duplication of a sequence that is only present as a monomer in the human DNA (Fig. 4) . The four repeat unit minisatellite is present, and there was no evidence of length variation among the three chimpanzees analysed. As indicated above, an array of subterminal satellite repeats started at a position equivalent to -89 from the start of the human telomere (Fig. 4) . Analysis of the size of the subterminal satellite repeat array from pulsed-field gel (PFG) Southern blots revealed DNA fragments of different lengths in NcoI digests from unrelated chimpanzees (data not shown). This suggests that there is sequence variation within the subterminal satellite array and, as a result, it has not been possible to determine the length of the subterminal satellite, but it probably exceeds 27 kb.
Gorilla
The 'telomere-adjacent' minisatellite is present in the gorilla, with two alleles of three and four repeat units present among six individuals examined. Four of the gorillas were homozygous for the three repeat unit allele and two were heterozygous. A total of 2223 bp of contiguous sequence was obtained from the gorilla allele containing three minisatellite repeats (EMBL accession no. Z96950). Sequence heterogeneity within the minisatellite reveals that the third most distal repeat unit is absent (Fig. 4) . The sequence analysis defined the block of interstitial telomere-like repeats. It is variable in length, as arrays of nine and 10 telomere-like repeats were present in the individual analysed. The start of the block of telomere-like repeats corresponds to the position -125 from the start of the human telomere (Fig. 3) . Surprisingly the gorilla telomere-like repeat array and sequences beyond it have strong homology to subtelomeric DNA from human chromosomes 4p, 18p and 4q, (94, 93 and 92% respectively) (20) (21) (22) . The 18p and 4q sequences contain interstitial telomere repeats in the same position as those in the gorilla Xp/Yp sequence.
DNA sequence from the gorilla allele that contained a four repeat unit minisatellite was also established over 2287 bp (EMBL accession no. Z96951) via allele-specific amplification with primers Gor4A and Gor4B (Fig. 4) . Comparison of the sequence obtained from the two gorilla alleles (EMBL accession nos Z96950 and Z96951) revealed 11 base substitutional differences between them (sequence divergence of 0.4%). The frequency of base substitutional sequence variation between the two gorilla alleles (1 per 203 bp, see Fig. 4 ) is much lower than observed in the kilobase of sequence adjacent to the human Xp/Yp telomere. The sequence differences between the species were distributed across the region, and between the two orang-utan structures. Comparisons were made and divergence estimates obtained using Bestfit (Genetics Computer Group version 6.2). Previously published sequence divergence estimates from the ϕη-globin gene region were included for comparison (5) . hu, human haplotype A, ch, chimpanzee, gor, gorilla and orU/orL, orang-utan upper and lower fragments respectively.
Orang-utan
Initial sequence analysis of the orang-utan revealed a large number of differences between orL and orU (5.0 and 5.3 kb fragments). PCR primers (OrangUp and OrangLow, Fig. 4 ) were designed and used in combination with one of the primers TSK8K on the four orang-utan DNAs. The one animal, heterozygous for orL and orU, generated amplification products with both primers. The other three orang-utans only generated PCR products in the presence of the OrangLow primer (data not shown). This suggested that orL and orU contain diverged sequences, and so sequence analysis was carried out on both. Contiguous sequence data (2846 bp) was obtained from orU (EMBL accession no. Z96952). A novel GC-rich (70%) minisatellite consisting of eight 56 bp repeat units, with sequence variation between the repeats, was identified (Fig. 4) . Sequences orthologous to the human telomere-adjacent minisatellite and to the SINE were also present in the orU fragment. However, only two minisatellite repeat units were present, and sequence variation suggests that the central two repeat units are absent in the orU fragment. The orU SINE sequence is 280 bp longer than in humans and extends past the position equivalent to the start of the human telomere (Fig. 4) . Immediately distal to the SINE is an array of at least 31 telomere-like repeats.
A total of 2182 bp of sequence data was obtained from orL (EMBL accession no. Z96953). Surprisingly, the orL allele contains the same 45 bp duplication observed in the chimpanzee sequence (Fig. 4) . The 56 bp minisatellite repeat sequence detected in the orU allele is present, as an array of 15 repeat units that also showed sequence variation between repeats. Further PCR analysis has shown that the orang-utan-specific minisatellite is variable, with four different length alleles observed among three orangutans. Sequences similar to the human telomere-adjacent minisatellite are present in orL and, like the orU fragment, the central two repeats are absent. However, the SINE is completely absent in orL and instead an array of telomere-like repeats was identified distal to the minisatellite (Fig. 4) . These telomere-like repeats consist of diverged repeats often reiterated into a higher order structure such as (TCCGGGTCCGGGTCAGGG) n in the 39 repeats sequenced. Amplification with a telomere repeat primer in conjunction with a 5′ radioactively labelled primer in the minisatellite region (PrimA, Fig. 1 ) revealed a ladder of fragments extending for at least 100 repeat units (data not shown). This confirmed that the smear of products shown in Figure 3 was generated from a long array of telomere-like repeats. Furthermore, preliminary PFG analysis suggested that the long array of telomere-like repeats is located on the terminal restriction fragment in the orang-utan, indicating that the telomere-like repeats in orL represent a diverged region at the proximal end of the orang-utan Xp/Yp telomere.
Comparison of the orU and orL sequences revealed a large number of differences resulting in 2% divergence ( Fig. 4 ; Table 1 ). The high level of sequence variation (one every 50 bp) between orU and orL is similar to that observed between haplotypes adjacent to the human Xp/Yp telomere. However, in contrast to the human Xp/Yp haplotypes, there was no significant clustering of sequence polymorphism in the orang-utan (Fig. 4) . It is noteworthy that the two divergent orang-utan sequences are probably adjacent to the telomere, possibly suggesting that the same underlying forces have been involved in the evolution of these sequences in humans and orang-utans.
Two alternative explanations for the differences between orL and orU can be considered. Firstly that orL and orU represent a polymorphic duplication of the telomere-adjacent DNA. This seems unlikely because there is no evidence of a duplication of the DXYS14-like locus in orang-utans (see Fig. 2 ). In addition, no more than two alleles per individuals have been detected at the orang-utan-specific minisatellite but, if the sequence was duplicated, additional DNA fragments might be detected. Secondly, orL and orU could be derived from different orang-utan subspecies. Two separate subspecies of orang-utan exist in Borneo (Pongo pygmaeus pygmaeus) and north Sumatra (P.pugmaeus abelii). The subspecies are characterised on the basis of morphological, behavioural and cytogenetic differences (23, 24) . This categorisation has been supported recently by molecular data, which suggest the two subspecies diverged 1.5-1.7 million years ago (25) . Since the two orang-utan subspecies can form fertile hybrids (26) , it remains possible that the heterozygous orang-utan containing orL and orU was the offspring of an inter-subspecies mating. If so, then orL and orU would represent subspecies-specific structures, as for example the pericentric inversion of orang-utan chromosome 2, that has been used for subspecies classification (24) . At the time that blood samples were collected, the two orang-utan subspecies were not managed separately in captivity, as is now the case, and the subspecies classification of the orang-utans analysed in this study are therefore unknown.
Sequence comparison and ancestral structures
Pairwise comparisons were made between the sequences obtained from the higher primates. Higher levels of sequence divergence were observed compared with other loci (Table 1) such that, on average, the between-species divergence is 2.6-fold higher across the subterminal Xp/Yp sequences than at the ψη-globin pseudogene or other non-coding loci (5, (27) (28) (29) .
Sequence variation was identified in the gorilla and orang-utan DNAs, but none of the variant positions were the same as those identified in humans. In order to derive the ancestral state for the human Xp/Yp telomere-adjacent haplotypes identified at the Xp/Yp telomere junction, the sequences of the polymorphic sites that define the human haplotypes were compared in each of the species examined (Table 2 ). In all but three positions, there is complete concordance between the species. Therefore, these polymorphic positions have probably been derived since the divergence of the Pan and Homo lineages. At three positions (-1888, -338 and -146, Table 2), the sequence was different between the species. At two of these positions (-338 and -146), the bases found are the same as in the divergent human haplotypes.
DISCUSSION
Here we have described the characterisation of sequences orthologous to the human Xp/Yp telomere from the chimpanzee, gorilla and orang-utan genomes. The sequence divergence between species was higher (2.6×) than that identified in other regions of the genome. There is evidence that gross chromosomal rearrangements, including truncations and exchanges between subterminal sequences of Xp/Yp and autosomes, have occurred, resulting in sequence organisation that is different in each of the four lineages analysed. These data show that a variety of mutational processes have brought about many changes in the Xp/Yp telomeric region over a relatively short period of evolutionary time.
Deriving the ancestral structure
The overall distance between DXYS14 and a point defined by the start of the human telomere was probably 5.0 kb in the common ancestor. The sequences deleted from the human lineage to reduce this distance to 3.6 kb and the sequence inserted into orU to increase it to 5.3 kb have not been identified but must lie between DXYS14 and the start of the region we have sequenced.
The SINE sequence is truncated or absent in each lineage, with the exception of the orang-utan upper allele (orU). Therefore, the common ancestor probably contained a longer SINE sequence. The SINE has since been truncated at a different site in each lineage by different sequences. The subterminal satellite truncates the SINE more in the chimpanzee than the Xp/Yp telomere does in the human genome and, therefore, it is unlikely that a common ancestor contained an array of subterminal satellite at this chromosome end. No subterminal satellite sequences were identified in the gorilla sequences characterised in this report. However, subterminal satellite may be present in a more distal location because in situ hybridisation suggested that a block of subterminal satellite is present at the end of Xp/Yp in the gorilla (Di and Royle, unpublished observations). In the gorilla, the SINE was truncated still further by an array of telomere-like repeats, distal to which the gorilla sequence was homologous to sequences from the subterminal regions of human chromosomes 4p, 18p and 4q. The human 18p and 4q sequences contain an array of telomere-like repeats proximal to non-repetitive DNA, and the sequence is preserved in the gorilla in the same orientation and position relative to the flanking DNA (20) (21) (22) . A complex set of events must have occurred in the gorilla lineage to move subterminal sequences, and perhaps a distal array of subterminal satellite, from the end of an ancestral autosome to the end of Xp/Yp. In the orang-utans, two different structures, orL and orU, were identified at the Xp/Yp subterminal region. Immediately distal to the minisatellite sequence, orL contained telomere-like repeats that are probably at the start of the telomere. The SINE is absent from orL, whereas orU contained a SINE sequence, distal to which were some diverged telomere-like repeats, but it is not known whether they also represent the start of an Xp/Yp telomere. As discussed above, we cannot be certain that the orU structure has the same subspecies origin as the orL structure. O r a n g -u t a n l o w e r
W e s t A f r i c a n h a p l o t y p e A n d
W e s t A f r i c a n h a p l o t y p e B n d Sequences equivalent to the human telomere-adjacent minisatellite were present in all the species analysed. It is monomorphic with four repeat units in humans and chimpanzees but just two repeats in both the orang-utan structures. However, in gorillas, this minisatellite has two alleles of three and four repeats. Minisatellites often exhibit length variation and they can be relatively transient over short periods of evolutionary time (30) . Therefore, it is not possible to deduce the ancestral state of this minisatellite with any confidence. Curiously, a 45 bp duplication was identified in the chimpanzee and orang-utan orL but was absent in the human, gorilla and the orang-utan orU structures. The ancestral structure to these lineages could have contained this duplication, which has since been lost independently from three different lineages. Alternatively, the duplication may have occurred independently in the chimpanzee and orang-utan orL lineages.
These data suggest an ancestral structure for the Xp/Yp telomere junction region of the higher primates (Fig. 5) . They also suggest that the terminal sequences of the great ape chromosomes are relatively transient, such that subterminal sequence organisation is unique to a lineage. This dynamism may reflect the ability of telomerase to heal broken chromosomes, resulting in the truncation of the chromosome and repositioning of the telomere, as seen for example in the human and possibly the orang-utan orL structure. However, the presence of subterminal satellite and structures other than a telomere in the chimpanzee and the gorilla indicates that the dynamics of subterminal sequences have also influenced the relative position of the Xp/Yp telomere.
The orang-utan-specific minisatellite
A minisatellite composed of a 56 bp repeat was identified in both the orU and orL structures but it is present as only a monomer unit in humans, chimpanzees and gorillas. The transient nature of hypervariable minisatellites has already been described (30) , so the appearance of a novel minisatellite only in orang-utans is in keeping with that observation. The minisatellite shows sequence variation between repeats, as well as repeat copy number variation which is probably amenable to analysis using minisatellite variant repeat mapping [MVR-PCR (31, 32) ]. Although the full extent of the variability at this locus has not been determined, it may be useful for the analysis of orang-utan population structure in both wild and captive populations.
Sequence divergence
Unusually high levels of sequence divergence have been identified in the DNA orthologous to the human Xp/Yp telomere junction. In the human and probably the orang-utan genomes, the sequence is adjacent to a telomere. In contrast, the orthologous sequence is adjacent to a heterochromatic block of subterminal satellite in the chimpanzee genome and probably close to one in the gorilla genome. Little is known about the evolution of single copy sequences from heterochromatic regions, but it is possible that close proximity to heterochromatin or to a telomere has influenced the levels of inter-specific or inter-haplotypic sequence divergence (33) .
Sequence ancestral to the human Xp/Yp telomere-adjacent haplotypes
Sequence variation was observed in both gorilla and orang-utan; none of the polymorphic sites detected in these species were the same as the polymorphic positions that define the human Xp/Yp haplotypes. The likely ancestral sequence for the human telomereadjacent haplotypes has been determined by comparison of the Xp/Yp sequence data obtained from the chimpanzee, gorilla and orang-utan genomes (Table 2 ). It has not been possible to determine the ancestral state at three of the human polymorphic positions. Two of the sites (-338 and -146) are fixed for one or other of the polymorphic bases in the other three species. While it is tempting to speculate that these polymorphisms pre-date the separation of the human from the other lineages, the majority of the polymorphic positions are not shared between species and are therefore more recent. These data indicate that the highly diverged haplotypes in the DNA immediately adjacent to the human Xp/Yp telomere have evolved after the separation of the homo and pan lineages. The mechanisms underlying the generation and maintenance of such highly diverged haplotypes remain unresolved.
MATERIALS AND METHODS
Genomic DNAs
Human DNAs were lymphoblastoid DNAs from 80 unrelated individuals which constitute the parents of the CEPH families. Chimpanzee, gorilla and orang-utan genomic DNAs were extracted from blood and tissue samples obtained from captive bred animals.
PCR
PCRs were carried out using the buffer system described previously (32) . Amplifications were carried out using a PTC-200 thermal cycler (MJ research) at 96_C for 20 s, 65_C for 30 s and 70_C for 1-4 min for 32 cycles; the annealing temperature was reduced to 55_C for weak or unsuccessful amplifications. DNA fragments from successful amplifications were resolved by agarose gel electrophoresis and purified from an agarose gel slice by centrifugation through glass wool.
Isolation of distal Xp/Yp sequences.
Isolation of distal Xp/Yp sequences from the gorilla genome was achieved by nested vectorette PCR (19) using the primer PrimB and the vectorette primer, followed by primer TSK8N with the vectorette primer. The vectorette was ligated to a Sau3AI site located 400 bp distal to the start of the interstitial block of telomere repeats identified in gorilla. The vectorette Vec1/MboI primer system has been described previously (34) .
Isolation of the chimpanzee sequences distal to the point of divergence from the human sequence was achieved by PCR amplification using a 5′ radioactively labelled primer PrimA [labelled in 10 µl reactions with 0.37 Mbq [γ-32 P]ATP (Dupont NEN), 5 U of T4 polynucleotide kinase (GIBCO/BRL) and the manufacturers forward labelling buffer system] into the subterminal repeat array using primer Cht7B. The ladder of labelled fragments was resolved in denaturing polyacrylamide gel. 5′ Radioactively labelled single-stranded DNA fragments were isolated from the polyacrylamide gel by removing the polyacrylamide containing the fragment from the backing paper. The polyacrylamide was soaked in 10 µl of water, and 1 µl was used to reamplify the fragment for further analysis.
PCR primer sequences
The primer sequences used were: TSK8M, 5′-ACCAGGTTT-TCCAGTGTGTT-3′; TSK8N, 5′TCAGGAGTGAAGCTGCA-GAC-3′; TSK8S, 5′-CACAAAGGACTCCCAGCCCT-3′; TS-K8R, 5′-CTTTCCCCAGCTATGGCTTC-3′; TSK8L, 5′-TCTT-TTCATTGTKAGGTACTGATG-3′; PrimA, 5′-gcggtaCCCAA-AGACAGAAGGCCCAG-3′; PrimB, 5′-gcggtaccGAACTGGG-TTATCGACCAGGT-3′; Cht7B, 5′-CCGCTATCTGTATAAAC-ATGGAAA-3′; and 29c1B, 5′-TCTCTTTTTGGTCCGGTTCC-CATC-3′. Lower case sequence represents 5′ non-complementary tails containing restriction sites. For other primer sequences see (4) .
The allele-specific primers used were: Gor4A, 5′-GTTACA-GATGAGGAGCTCAC-3′; Gor4B, 5′-GTGAGCTCCTCATCT-GTAAC-3′; OrangUp, 5′-GCATTCCTGGGAATTGCAGT-3′; and OrangLow, 5′-ACATTCCTGGGAATTGCGGA-3′.
DNA sequencing
Purified double-stranded DNA fragments (20-50 ng) were sequenced using Applied Biosystems DNA sequencing platforms and Applied Biosystems dye terminator sequencing chemistries. Contiguous sequences were assembled using the Applied Biosystems autoassembler programme (version 1.4) for Macintosh.
Southern analysis
Genomic DNA was digested to completion with restriction enzymes according to the manufacturer's recommendations (GIBCO/BRL). The digested DNAs were resolved by agarose gel electrophoresis and blotted onto Hybond-Nfp membrane (Amersham). Hybridisations were carried out using 32 P-labelled DNA probes (random hexaprime labelled) in the 'blotto' hybridisation mix (35) , at 65_C overnight. Unique sequence DNA probes were hybridised to genomic DNA Southern blots in 5× Denhardt's, 5× SSC and 1% SDS at 65_C overnight (35) .
